Purpose. Gram-negative Escherichia coli O157:H7 were chosen as model bacteria to evaluate the antimicrobial mechanism of "-polylysine ("-PL).
INTRODUCTION
The detection of pathogenic bacteria is significant for food safety, clinical diagnosis and strategies for combating bioterrorism agents [1] . Among the varieties of bacterial pathogens, Escherichia coli O157:H7 (E. coli O157:H7) is one of the most dangerous types. E. coli O157:H7 is a well-known intestinal foodborne pathogen that has been responsible for many foodborne illness outbreaks [2] , leading to severe disease, for instance, haemorrhagic colitis and haemolytic uraemic syndrome, especially in young and immunocompromised individuals [3] .
Although disinfection techniques have advanced in both the agricultural and food manufacturing industries, control of E. coli O157:H7 remains a challenge [4] . Consequently, it is essential and exigent to discover original and safe natural antibacterial agents in order to ensure food safety.
"-polylysine ("-PL) is a natural antimicrobial substance [5] and is widely utilized to preserve wet cooked noodles, cooked food, seafood, soy sauce, fish fillet and biscuits in Japan and Korea [6] . Natural "-PL includes 25-30 L-lysine residues [7] and owns positively charged amine groups, which explains its antibacterial activity. It is biodegradable, water-soluble, stable [8] and of low toxicity [9] . "-PL exhibits a broad spectrum of antimicrobial activity against yeasts, moulds, and Gram-negative and Gram-positive bacteria [10] . However, there are few articles in the literature explaining the antibacterial activity and mode of action of "-PL against E. coli O157:H7 in detail. Therefore, the purpose of this research was to illuminate the antibacterial property and mode of action of "-PL to afford an essential understanding of the pattern of antibacterial action.
METHODS

Chemical reagents
"-PL was bought from Sigma-Aldrich (St Louis, MO, USA), and stock solutions at diverse concentrations were dissolved in distilled water. Tryptic soy broth (TSB), Mueller-Hinton (MH) broth, Luria-Bertani (LB) broth and phosphate-buffered saline (PBS) were both purchased from Qingdao Hope Bio-Technology Co., Ltd (Qingdao, People's Republic of China). O-nitrophenyl-b-D-galactopyranoside (ONPG) was bought from Sigma-Aldrich. Coomassie brilliant blue R-250 was purchased from Beyotime Biotechnology (Shanghai, People's Republic of China). All of the reagents were of the highest commercially available level.
Bacterial strains
E. coli O157:H7 was acquired from the China Medical Culture Collection Center. The micro-organism was cultivated in TSB for 24 h with constant shaking at 37 C [11] .
Determination of minimum inhibitory concentrations (MICs)
MICs were determined by the microtitre broth dilution method following the guidelines in the literature [12] . The bacteria were cultured at 37 C for 24 h with constant shaking, and MH broth was then used to dilute to the final bacteria concentration of 10 5 colony-forming units (c.f.u. ml
À1
). "-PL was added to MH broth in order to obtain different concentrations of 128, 64, 32, 16, 8, 4, 2, 1, 0.5 and 0.25 µg ml À1 . Then 100 µl "-PL of different concentrations and 100 µl bacterial suspension were added simultaneously into respective wells of a 96-well microtitre plates, and wells without "-PL were recognized as the controls. The microtitre plates were then cultured at 37 C for 24 h. The MIC was described as the lowest concentration of "-PL at which no bacteria growth was found by visual observation.
Time-kill assay
The time-kill curve method was used to analyse the bactericidal effects of "-PL [13] . The bacteria was cultured at 37 C overnight in LB. A 2 ml sample was removed and inoculated in 200 ml LB at 37 C with constant shaking until the absorbance of the bacterial suspension was diluted to 0.3 at 600 nm [optical density (OD)=600 nm] [14] . The sample was separated into five flasks, and then "-PL was added to each flask with different final concentrations: 4, 8, 16 and 32 µg ml
À1
. No "-PL treatment was considered to be the control group. After the samples were cultivated for 1, 2, 4, 6, 8, 10, 12 and 24 h, the OD of the bacterial suspension at 600 nm was measured and recorded [15] .
UV absorption determination
The assay was based on a published method [16] . The bacterial suspension was collected by centrifuge at 5000 g for 5 min, washed three times using PBS (pH 7.4) and then the precipitate was resuspended. The suspension was diluted by PBS to a certain concentration by making the absorbance of the bacterial suspension reach 1±0.02 at 600 nm (OD=600 nm). The bacterial suspension was divided into five Erlenmeyer flasks. "-PL was added to each one in addition to the control (no "-PL treatment), with final concentrations of 0, 2, 4, 8 and 16 µg ml
À1
. A 2 ml sample was taken out at 37 C after 1, 2, 4, 6 and 8 h of cultivation [17] . The samples were centrifuged at 6000 g for 5 min and the OD of the supernatant at 260 nm was measured and recorded using a UV visible spectrophotometer.
Permeability of the inner cell membrane An inner membrane permeability assay was conducted by detecting b-galactosidase activity in E. coli O157:H7 by using ONPG as a substrate [18] . Logarithmic-phase bacteria cultivated in TSB containing 2 % lactose [19] were collected by centrifugation at 12 000 g for 10 min, washed thrice using 0.05 mol l À1 NaH 2 PO 4 phosphate buffer and then resuspended. After this, the OD of the mixture was adjusted to 1.0 at 600 nm (OD 600 nm =1.0). The sample was separated into five Erlenmeyer flasks, and "-PL was added to each flask with final concentrations of 2, 4, 8 and 16 µg ml
, in addition to the control group (no "-PL treatment). After cultivation for 1, 2, 4, 6 and 8 h, a 10 ml sample was taken from each flask. The samples were then promptly centrifuged at 10 000 g for 15 min at 4 C. About 1 ml supernatant was moved to a 10 ml centrifuge tube, and 4 ml of 0.05 mol l À1 ONPG was then added. The mixture was water bathheated at 37 C for 40 min, and eventually 5 ml of 0.5 mol l À1 Na 2 CO 3 was added. A minute later, the generation of o-nitrophenol was measured by detecting the growth in absorbance at 420 nm using a spectrophotometer.
Membrane potential (MP) determination
The membrane potential (MP) was detected to investigate the effects of "-PL on the metabolic activity changes of E. coli O157:H7. The experiments were based on the rhodamine fluorescence method [20] . Logarithmic-phase bacteria grown in TSB were collected by centrifugation at 5 000 g for 5 min and washed thrice using PBS before the sample was resuspended. The OD was adjusted to 1.0 at 600 nm (OD 600 nm =1.0). "-PL was added to the suspension at a concentration of 8 µg ml À1 and incubated for 3 h. A 1.5 ml sample was taken out each 15 min and centrifuged at 6 000 g for 4 min and washed using PBS buffer. Then rhodamine123 was added at the final concentration of 2 µg ml
À1
. The mixture was transferred to a 24-well microtitre plate. After dark treatment for 30 min, the microtitre plate was placed in the spectrofluorometer. Rhodamine123 fluorescence was excited at 480 nm and collected at 530 nm.
Flow cytometry (FCM) experiment
Propidium iodide staining was used to assess changes in the membrane integrity of E. coli O157:H7 using FCM. "-PL was added to logarithmic-phase bacteria at different concentrations -2, 4, 8 and 16 µg ml À1 -and no "-PL treatment was used as a control. After cultivation for 3 h, the cells were stained with PI for 30 min in the dark, while the control groups had no PI staining. The resulting samples were detected using a FCM with light excitation at a wavelength of 488 nm [21] .
Scanning electron microscopy (SEM) analysis Examination of the morphological changes of the bacterial cells was performed by using SEM [22] . Logarithmic-phase bacteria were incubated overnight in TSB in a 24-well plate with coverslips for roughly 12 h and then 8 µg ml À1 "-PL was added. The control groups had no "-PL treatment. All samples were cultivated at 37 C for 3 h, and then the supernatant was removed gently. The cells were washed softly with PBS buffer and then mixed with 2.5 % glutaraldehyde at 4 C for about 4 h. The samples were dehydrated in sequential graded ethanol (30, 50, 80, 90 and 100 %) [23] and the ethanol was then replaced by tertiary butyl alcohol. Finally, all samples were sputter-coated with gold in an ion coater for 2 min and observed using a scanning electron microscope (Quanta200 FEG; FEI, USA).
Transmission electron microscopy (TEM) analysis
Ultrastructural damage of the bacterial cells was observed using TEM [24] . TEM analysis was carried on according to the literature with modifications. The bacterial cultivated overnight were collected at 8000 g for 10 min at 4 C, washed using PBS buffer three times and suspended to an absorbance of 1.0 at 600 nm. Then the samples were treated with "-PL at 8 µg ml À1 for 3 h or longer [25] . The control groups had no "-PL treatment. After being washed again, the cells were collected by centrifugation at 11 000 g for 10 min, the supernatant was abandoned and the sediment was fixed with 4 % glutaraldehyde at 4 C [26] . The resulting pellets were treated according to the guidelines in the literature to carry out TEM analysis.
Statistical analysis
All the experiments were executed three times, and the average values with standard deviation (SD) were revealed. Analysis of variance (ANOVA) was carried out to determine the significant differences between groups of data.
RESULTS AND DISCUSSION
MIC determination
As shown in Table 1 , the MIC values for "-PL against E. coli foodborne isolates were found to be in the range of 8-16 µg ml
À1
, and the MIC value for E. coli O157:H7 was 16 µg ml À1 . Our study demonstrated that "-PL displayed antibacterial activity against both E. coli foodborne strains and E. coli O157: H7 strains. "-PL was able to restrain the growth of E. coli strains at very low doses.
Kill-time analysis
The bactericidal kinetics of "-PL against E. coli O157:H7 are depicted in Fig. 1 . As observed in Fig. 1 , in the control group the bacterial population increased rapidly over the first 4 h period of the test, and then the growth trend became stable. Compared to the control, E. coli O157:H7 treated with "-PL at concentrations of 4 and 8 µg ml À1 showed a slow decline in the quantity of viable cells during cultivation. This indicated that concentrations of "-PL that were lower than the MIC could not entirely restrain the growth of E. coli O157: H7. When the drug concentration was 16 µg ml À1 (MIC), there was an obvious and significant reduction in the quantity of viable bacteria. The bacteria decreased by 37 % after 1 h of drug addition. A reduction in the quantity of bacteria was also observed when the concentration of "-PL was 16 µg ml À1 , but the decrease was much more dramatic. These results demonstrated that the drug action time and concentration of "-PL had remarkable influences on the antibacterial effects, while concentration and bacterial growth are negatively correlated.
UV absorption study
Outflow of intracellular contents is an indication of damage to the bacterial cytoplasmic membrane [27] . Small ions, for instance phosphate and potassium, leach out in the first place, and then large molecules, such as DNA, RNA and other materials, follow. These substances show strong UV absorption at 260 nm and are described as 260 nm absorbing materials [28] .
The results are shown in Fig. 2 . The leakage of 260 nm absorbing materials shows a rapid increase after mixture with "-PL and remains steady after that. Fig. 2 shows that the leakage of 260 nm absorbing materials from E. coli The results demonstrated that the original absorbance values of the groups with "-PL treatment are much higher than the values of the control groups, and increased with "-PL concentration. The largest primary release value was seen for the treatment with 16 µg ml À1 "-PL, while the minimum was seen for 8 µg ml À1 . This suggested that the bacterial membrane was damaged more severely when the concentration of "-PL increased.
Release of cytoplasmic b-galactosidase from E. coli O157:H7 treated with "-PL The cell membrane is a biofilm that shields the cell's interior from outside circumstances [29] . The cell membrane is made up of phosphatidyl glycerol, cardiolipin and embedded proteins [30] . It has been confirmed that the existence of lactose and galactose in the medium can cause E. coli O157:H7 cells to generate b-galactosidase in the cytoplasm [31] . b-galactosidase is an intramembranous material. It cannot leak to the outside when the cell membrane has not been destroyed. Consequently, it was possible to detect whether "-PL changed the membrane permeability of E. coli O157:H7 by measuring cytoplasmic b-galactocidase in the samples. The result was measured by spectrophotometry at 420 nm, and the cytoplasmic b-galactosidase activity was analysed by the hydrolysis of ONPG.
"-PL-mediated E. coli O157:H7 membrane permeability is demonstrated in Fig. 3 . In the group without "-PL treatment, the values of the b-galactosidase activity remained relatively stable and low. However, after "-PL was added, the values increased dramatically at 0-2 h. After this, the values remained relatively stable. The b-galactosidase activity of E. coli O157: H7 treated with "-PL with 2 µg ml À1 at different times was 0.394, 0.549, 0.556, 0.561, 0.567 and 0.564, respectively , while for those treated with 4 µg ml À1 of "-PL it was 0.398, 0.543, 0.545, 0.534, 0.540 and 0.538, respectively. When treated with 8 µg ml
À1
, the b-galactosidase activity was 0.419, 0.535, 0.542, 0.557, 0.552 and 0.558, respectively, while for those treated with 16 µg ml À1 it was 0.411, 0.544, 0,552, 0.559, 0.569 and 0.572, respectively. The results demonstrated that "-PL ; (Â) 8 µg ml À1 ; (*) 16 µg ml À1 . The error bars are the ±SD of the means. In some cases the error bar is obscured by the symbol. generally changed the inner membrane permeability of E. coli O157:H7, while the permeability rate correlated positively with "-PL concentration [32] .
Effect of "-PL on membrane potential The bacterial MP is described as the difference in the electric potential between the interior and the exterior of a ; (e) 16 µg ml À1 .
biological membrane [33] . The result for the MP is shown in Fig. 4 . The measurement of MP was represented by the mean fluorescence intensity (MFI) of the dyestuff rhodamine123. As shown in Fig. 4 , the MFI of the control was 2267, and after addition of "-PL at 8 µg ml À1 a significant increase occurred compared with the control. Further, the fluorescent intensity grew larger with the increase of time. This result revealed that "-PL caused a significant hyperpolarization of the E. coli O157:H7 cytoplasmic membrane in a dose-dependent manner.
FCM experiment
The integrity of the cell membrane of cells stained by PI was also investigated by using an FCM with light excitation at 488 nm. The results are shown in Fig. 5 . The rate is representative of the quantity of dead cells, which indicates the degree of damage to the cell membrane. The rate of the control group for which the cells experienced no "-PL treatment was 0.17 %, which was considered to be zero. Then the rate for the "-PL treatment groups increased with the increase of "-PL concentration. This result revealed that "-PL spoiled the cell membrane of the E. coli O157:H7, and when the concentration of "-PL increased the effect was spoiled more severe.
SEM observation
The surface morphology in the "-PL-treated E. coli O157: H7 cells was visualized by SEM. The bacteria were exposed to "-PL at 8 µg ml À1 for 3 h. The SEM images of the control groups and test groups are shown in Fig. 6 . The cells of the control group were usually stick-like and stayed whole with no significant change (Fig. 6a, b) . The surfaces of the treated E. coli O157:H7 cells showed evident morphological changes compared with the control. When the bacterial cells were treated with "-PL, the surfaces of the bacteria showed extensive structural anomalies. The cells showed different degrees of deformation and devastation (Fig. 6c, d) . A larger number of malformed E. coli O157:H7 cells was observed. The observed results not only indicate that "-PL may have a serious influence on the cytoplasmic membrane, but also support the results of the FCM assay.
TEM observation
Electron microscopy observations are authoritative and professional tools to better understand the impact of a stressor on bacterial cells [34] . Therefore, TEM experiments were utilized for direct observation as membrane injuries and ultrastructure changes emerged in E. coli O157:H7 cells following exposure to "-PL. As shown in Fig. 7 , the untreated cells presented a normal form and had a compact and smooth cell membrane, and did not show any release of intracellular components (Fig. 7a, b) . In contrast, as compared to the untreated E. coli O157:H7 cells, the bacterial cells incubated with "-PL at 8 µg ml À1 exhibited a broad range of significant changes to their cell membranes (Fig. 7c, d ), indicating negative effects on the cell wall and the cytoplasmic membrane and showing uneven envelopes, leakage of intracellular contents and lysis of membrane integrity. Moreover, some conglomerate could be observed around the cell membrane.
The results indicated that "-PL caused remarkable destruction to the cell membrane and internal area of the bacterial cells, which ultimately caused swift rupture and then death.
Conclusions
Consumers now pay more attention to securing top-grade, natural and safe foodstuffs so as to remain healthy. Consequently, the use of "-PL as a natural antimicrobial agent should become an appealing method in the field of food preservation. Our present study investigated the antimicrobial mechanism of "-PL by measuring the content of cytoplasmic b-galactosidase, proteins and DNA. In addition, SEM and TEM were also carried out to assess the mechanism. The results indicate that "-PL has the ability to decrease the content of large molecules, cellular soluble proteins and nucleic acids associated with increasing the content of cytoplasmic b-galactosidase in supernatant by causing damage to the cell membranes. When the concentration of "-PL was increased, the bacterial membrane integrity and permeability were damaged more severely. In this work the mechanism of the antimicrobial effect of "-PL against E. coli O157:H7 has been researched in much greater depth. The mechanism could be physical or a chemical reaction that leads to cell rupture, and may have something to do with some locus on the cell membrane and result in cell death. "-PL may have the same mechanism when interacting with other micro-organisms. These issues should be studied further in the future.
